X-ray mass attenuation coefficients for polycrystalline samples of copper have been measured with a high-precision energy-dispersive method. Estimates of the scattering contributions to the attenuation coefficients are made. The photoelectric coefficients deduced from the experimental results are compared with theoretical calculations using screened hydrogen-like eigenfunctions as well as more rigorous relativistic wavefunctions.
Introduction
The knowledge of accurate x-ray attenuation coefficients is important for the proper interpretation of experimental data in such diverse fields as x-ray powder and single crystal diffraction, x-ray fluorescence spectroscopy, electron microprobe analysis, proton induced x-ray emission, x-ray tomography, dosimetry etc. Certain discrepancies in currently available experimental data have caused the Apparatus Commission of the International Union of Crystallography to inaugurate a project aiming at improving the techniques for the measurement of attenuation coefficients and producing better sets of tables for experimenters.
Computational developments in recent years have significantly improved the theoretical description of photon interactions with atoms. Rigorous calculations of photoelectric absorption cross sections using relativistic wavefunctions have been reported by Storm and Israel [1] , Cromer and Liberman [2] , Scofield [3] and others. On the other hand, a theory based on Hönl's [4] and other authors' treatment of generalized scattering factors using non-relativistic hydrogen-like eigenfunctions has been shown to be in remarkably good agreement with experimental and other theoretical data in recent studies by Hildebrandt, Stephenson and Wagenfeld [5, 6, 7] , Hildebrandt and Stephenson [8] , Stephenson [9, 10] , Gerward and Thuesen [11] , Hildebrandt [12] and Gerward [13] .
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The present work describes the determination of the x-ray mass attenuation coefficient of polycrystalline copper using an energy-dispersive method. Particular attention has been paid to the scattering contributions in order to deduce the proper photoelectric absorption coefficients. Two models are used for calculating the coherent scattering: A finely divided crystal powder and an assembly of independent scattering atoms. The photoelectric absorption coefficients are compared with theoretical data computed from screened hydrogen-like eigenfunctions as well as from more rigorous relativistic wavefunctions.
Definitions
Consider a parallel narrow beam of monochromatic x-rays passing through a plane-parallel foil of homogeneous material with surfaces normal to the beam direction and more than covering the beam cross section. The mass attenuation coefficient, ju/q, is then defined by
where x is the mass per unit area of the foil, Iq the incident intensity and I the emergent intensity parallel to the incident beam direction. The mass attenuation coefficient is proportional to the total photon interaction cross section per atom, a, that is the sum of the atomic cross sections for all the elementary absorption and scattering processes. This relation is 
Experimental Procedure
The specimens were marz grade polycrystalline copper foils (MRC, Orangeburg, New York 10962) cut into circular discs, the diameter being about 21 mm and the thickness 15 fjim. The result of a spectrographic analysis is given in Table 1 . A pinhole back-reflection x-ray photograph showed that the samples have a small crystallite size and exhibit a high degree of preferred orientation. The mass per unit area of each specimen was determined by weighing and by measuring the diameter along four different directions using a travelling microscope.
The experimental arrangement was described in previous works on silicon [11, 13] . Slit collimated x-rays were monochromatised by diffraction in a perfect silicon crystal. The resolution of the slit and monochromator configuration allowed the Kai and Koc2 doublet to be well resolved. The diffracted x-rays were recorded in a Si(Li) detector connected to a multichannel pulse-height analyser. Each diffraction spectrum was recorded for a certain preset lifetime, the total count rate being below 2 kcps. There was no harmonic contamination because the fundamental and the harmonic reflections from the The number of absorbing foils was chosen to give a value of In (To//) as close as possible to 3, giving optimum attenuation conditions [14, 15] . A series of intensity measurements with the absorber in and out of the beam was taken. From these data the mean value of ln(7o/^) and the standard deviation from the mean were calculated. The mass attenuation coefficient was then calculated from Equation (la). Notice that the right-hand side of (la) also contains the mass per unit area. However, it is not necessary to know the density of the sample in order to determine the mass attenuation coefficient. The relative experimental error was estimated from (la) in the following way
where fim = /u/g and */ = ln(/o//), AD and Am are the estimated uncertainties in the determination of the foil diameter and mass, respectively, and Ay is the standard deviation from the mean mentioned above.
X-ray Scattering Coefficients
The scattering contribution to the narrow-beam attenuation consists of incoherent bound-electron Compton scattering (CS) and coherent scattering. Coherence in this context implies a fixed phase relation between the incident and scattered wave from a single atom.
The Compton scattering is practically insensitive to the crystalline form whereas the other components depend strongly on the crystalline state of the specimen. The coherent scattering coefficient has been calculated according to two models:
Model I: A finely divided crystal powder. The coherent scattering consists of the elastic or LaueBragg scattering (LBS) and the almost-elastic thermal diffuse scattering (TDS).
Model II: An assembly of independent scattering atoms. The coherent scattering consists of the Rayleigh scattering (RS).
Incoherent Scattering
The atomic cross section for the bound-electron Compton scattering, <7cs is given by [16] 
where re is the classical electron radius, k = hv\mc 2 i.e. the initial photon energy in electron rest-mass units, cp = 26 the angle between the incident and scattered photon directions, s = sin 6/X and I(s) the incoherent intensity expressed in electron units. The incoherent intensities used in the present work were those of Cromer and Mann [17] together with the analytical approximation of Balyuzi [18] . Figure 1 shows the calculated mass attenuation coefficient due to Compton scattering as a function of energy. Also shown are the calculations of Hubbell, Veigele, Briggs, Brown, Cromer, and Howerton [19] , which are seen to be in excellent agreement with the present result.
Laue-Bragg Scattering
The total power, Ph, associated with a DebyeScherrer cone of diffracted x-rays from a sample of finely divided crystal powder can be written [20] PH = )HIOQhöV, (4) where Iq is the intensity of the incident beam, dV the aggregate volume of all crystallites, H stands for the reflection indices hkl and jn is the multiplicity factor. The parameter Qh is given by
where Fc is the volume of the unit cell, Cp the polarization factor and Fjj the structure factor. In the present work unpolarized radiation will be assumed throughout, and the polarization factor becomes
Analysis of Eq. (4) 
Thermal Diffuse Scattering
In the approach of De Marco and Suortti [21] it is assumed that the total thermal diffuse scattering is equal to the scattering lost from the Laue-Bragg reflections because of the thermal vibrations. Comparing with (7) one obtains the following expression for the atomic cross section <TTDS= (re 2^l 2nVc)
H
An alternate expression can be written in the approximation of independent vibration of atoms [22] (TTDS -2 71
w r here / is the atomic scattering factor. Figure 2 show r s the TDS mass attenuation coefficient of copper as a function of energy calculated according to (8) and (9), respectively. The atomic scattering factors tabulated and parametrized by Cromer and Waber [16] were extended by adding those of Hanson, Herman, Lea and Skillman for s >2. The temperature factor was calculated from the Debye temperature 307 K; Vc = 3.6148 3 A 3 and n = 4 were used.
The value of the TDS cross section according to (8) oscillates rapidly in the low-energy range as seen in Figure 2 . The rapid variations occur w-hen new Bragg reflections are included in the summation (8) as the energy increases. However, the oscillations level out with increasing energy and approach the smooth curve given by (9).
Total Coherent Scattering
It follows from (7) and (9) that the cross section of Laue-Bragg scattering plus thermal diffuse scattering can be calculated from the Laue-Bragg scattering at zero temperature, i. e. by setting exp(-2M) = 1 in (7):
H Consequently, the total coherent scattering is independent of the temperature factor. The only theoretical parameter necessary for the calculations is the atomic scattering factor. For the approximation of independent scattering atoms, the total coherent scattering is given by the Rayleigh scattering, the cross section of which can be written [16] 
The mass attenuation coefficients for copper calculated according to (10) and (11) are shown in Figure 3 . Also shown are the calculations of Hubbell and 0verbo [24] , which are seen to be in excellent agreement with the present results. 
E(kev)
Again, the summation of the Laue-Bragg reflections causes large oscillations in the low-energy range (cf. Figure 2) . The oscillations level out as the energy increases but the cross sections are consistently low r er than those given by the Rayleigh scattering. A possible explanation would be that the Rayleigh scattering is forward peaked, and only few Laue-Bragg reflections are excited in the lowangle range. Therefore some intensity is suppressed by destructive interference in the crystalline absorber. Table 2 , finally, shows some mass attenuation coefficients due to the total scattering (incoherent plus coherent) according to the two models discussed above: I. A finely divided crystal powder; II. Independent scattering atoms. 
Results and Discussions
The experimental attenuation coefficients are summarized in Table 3 . It is seen that the relative experimental error is below 1 % in all cases where characteristic x-ray lines have been used. The uncertainty in the determination of the specimen diameter is the main contribution in these cases. Measurements using the Bremsstrahlung are also satisfactory for energies below about 40 keV, the relative experimental error being less or only slightly larger than 1%. Above 40 keV the experimental error increases drastically. There are several factors contributing to this impairment: The high-energy limit of the x-ray generator is approached, the efficiency of the Si (Li) detector becomes low and the reflectivity of the monochromator for the highestorder harmonics is small. Figure 4 presents the results in a graphical form together with recent experimental data from the literature . In the medium energy range from 5 to 25 keV the mass attenuation coefficients of the present work are approximately proportional to E~2-86 for energies below the K absorption edge and to E~2-71 above the edge. Table 4 shows a comparison with published data for some characteristic x-ray lines. Attenuation coefficients reported for the unresolved Ko. doublet have been corrected using the power law mentioned above. The agreement between the experimenters is seen to be very good at energies higher than about Table 4 Table 3 have been estimated using the experimental errors and assuming the scattering contributions to be uncertain by ±20%.
Relativistic photoelectric mass absorption coefficients were calculated using an interpolation program for the 5 to 22 keV range provided by Cromer and Liberman [2] . Outside this range interpolated values from the tabulation of Storm and Israel [1] were used. The original calculations of both these references are based on the code of Brysk and Zerby [52] . Relativistic absorption coefficients according to Scofield [3] are also included in Table 3 . They were interpolated from a recent tabulation of Hubbell [53] and corrected for the scattering contributions.
Photoelectric absorption coefficients according to the hydrogen-like theory were calculated using the formulae for the atomic sub-shell cross sections summarized by Wagenfeld [54] . Values for the subshell screening constant s were taken from Hildebrandt, Stephenson and Wagenfeld [6] . Cross sections for energies between the theoretical hydrogenlike energy eigenvalue of the K shell and the actual ionization energy of the K shell were calculated using an extension to the theory described by Hildebrandt et al. [6] .
An unexpected result was obtained when subtracting the scattering contributions from the experimental attenuation coefficients. The best agreement with the rigorous theories was obtained when the coherent scattering was assumed to be Rayleigh scattering (model II) instead of Laue-Bragg scattering plus thermal diffuse scattering (model I).
For a given wavelength model II predicts a larger scattering cross section than model I (see Table 2 and Figure 3) . Apparently, the use of LaueBragg and thermal diffuse scattering underestimates the total coherent scattering in our case. It is not likely preferred orientation alone explains the extra amount of scattered intensity. Investigations by De Marco and Suortti [21] have confirmed that preferred orientation does not appreciably affect the total amount of Laue-Bragg scattering. How r ever, an x-ray investigation has shown that the preferred orientation in the present case is accompanied with strong microstrains and other structural imperfections, which may give rise to additional diffuse scattering. Following this conclusion the scattering contribution to the total attenuation coefficients of the present work has been derived from (3) and (11) .
The results of the rigorous relativistic theories generally agree with the experiment to within 2% in the whole energy range considered in this work (Table 3 and Figure 5 ). Some noteworthy deviations are observed immediately above the K absorption edge and at the lowest energies. The photoelectric absorption coefficients calculated from the hydrogen-like theory agree with the experiment to within about 2.5% in the medium energy range from 5 to 25 keV. The agreement is notably good for energies in the neighbourhood of either side of the K absorption edge. The extension to the theory described above gives a remarkably good agreement with the experiment as shown by the 9.67 keV data in Table 3 and Figure 5 .
generally in good agreement with the experimental results, some deviation being observed near the highenergy side of the K absorption edge. Non-relativistic hydrogen-like calculations are in good agreement with the experimental results in the medium energy range from 5 to 25 keV, giving a remarkably good agreement close to both sides of the K absorption edge. More work is needed in the low-energy range.
Conclusions
Mass absorption coefficients of polycrystalline copper have been determined with a relative experimental error of about 1 % using an energy-dispersive method. It is shown that the Rayleigh scattering for independent scattering atoms also seems to be the best description of the total coherent scattering from a fine-grain polycrystalline material containing microstrain and other crystal imperfections.
Calculations of photoelectric absorption cross sections using rigorous relativistic wavefunctions are
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